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CRISPR Cas9 Genome Editing in Human Cell Lines with DONOR 
Vector Made by Gibson Assembly
Nirakar Sahoo, Victoria Cuello, Shreya Udawant, Carl Litif, Julie A. Mustard, Megan Keniry*
Department of Biology, University of Texas -Rio Grande Valley, 1201 W. University Dr., Edinburg, 
TX 78539, USA.
Abstract
CRISPR Cas9 genome editing allows researchers to modify genesin a multitude of ways including 
to obtain deletions, epitope-tagged loci, and knock-in mutations. Within six years of its initial 
application, CRISPR Cas9 genome editing has become widely employed, but disadvantages to this 
method, such as low modification efficiencies and off-target effects,need careful consideration. 
Obtaining custom donor vectors can also be expensive and time consuming. This chapter details 
strategies to overcome barriers to CRISPR Cas9 genome editing as well as recent developments in 
employing this technique.
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1. Introduction
CRISPR Cas9 and related mechanisms are endogenous adaptive immune responses found 
widely in bacteria and archaea to fend off invading DNAs, such as those from viruses [1–8]. 
Short segments of invading DNA are inserted into a specialized bacterial chromosomal locus 
containing repetitive DNA elements, the clustered regularly interspaced short palindromic 
repeats (CRISPR) [9–15]. The resulting transcribed RNA is processed into several short 
RNAs (crRNAs) that are incorporated into a riboprotein complex [11–15].The riboprotein 
complex then targets the foreign nucleic acids in a sequence specific manner due to the 
presence of the crRNAs. CRISPR Associated Proteins (Cas proteins) Include those involved 
in transcription, RNA processing and formation of the riboprotein complex. Researchers 
ingeniously co-opted this bacterial mechanism to devise heterologous systems to edit the 
genome of nearly any organism at will [16–22].
Endogenous CRISPR Cas9 system from bacteria
Approximately 50% of bacteria and 90% of archaea harbor an adaptive CRISPR system to 
mount an immunological response against phage (viruses) and other mobile genetic 
elements [23–25]. So far, at least 6 subtypes of CRISPR systems have been identified. First 
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discovered by Ishino and colleagues in1987, many variations of these systems have been 
identified and characterized [26]. At the forefront of this field are exciting, emerging issues. 
Chief among these, is the ability of some bacterial phage to counter the CRISPR immune 
response by expressing anti-CRISPR proteins that prevent DNA binding and Cas3 activity 
[27–29]. Additional functional roles for CRISPR in bacteria include promoting genome 
evolution, bacterial virulence and DNA repair [30–33].
Different types of CRISPR
Numerous distinctive CRISPR/Cas systems have been discovered that show incredible 
diversity regarding genomic locus architecture and gene composition. This diversity in the 
CRISPR/Cas system helps prokaryotes accurately identify and neutralize invading 
bacteriophages. The most recent approach to classification of CRISPR/Cas systems includes 
two main subclassifications based on their effector modules (Fig. 1) [34, 35].
Class 1 systems include approximately 90% of the CRISPR-Cas loci of prokaryotes and 
employs multi-subunit effector complexes: types I, III, and the rare type IV. Type I systems 
contain the Cas-3 nuclease helicase; type III systems possess the signature gene Cas10.Type 
IV systems include an uncharacterized large subunit Csf1 (Fig. 1) [34, 35].
Class 2 systems comprise ~10% of the CRISPR-Cas loci and contain single-subunit effector 
complexes, including types II, V, and VI. The type II system has a signature Cas9 nuclease. 
Type V systems consist of either Cas12a, Cas12b or Cas12C, which are like Cas9. Type VI 
systems possess either Cas13a, Cas13b or Cas13c (Fig.1). Apparently, the Class 2 systems 
convey more potential in gene editing and enhancing genetic assessment by using Cas9, 
Cas12a, Cas13a, and Cas13b [36].
The CRISPR Cas9 system remains the foremost and most extensively used for genetic 
engineering. In this system, the Cas9 protein is involved in processing the transcript into the 
mature crRNA [36]. Processing requires binding of a short trans activating RNA (tracrRNA), 
which is complementary to the repeat sequence found in type II CRISPR systems. After 
processing the transcript, the Cas9 protein remains bound to the crRNA and the tracrRNA, 
ultimately leading the complex to cleave a target sequence.
Heterologous CRISPR Cas9 system basics
CRISPR Cas9 genome editing using heterologous systems was pioneered by researchers 
including Dr. Doudna (UC Berkeley), Dr. Charpentier (currently at Max Planck), Dr. Church 
(Harvard), and Dr. Zhang (Broad Institute) [16, 19–22, 37]. In a breakthrough study, Drs. 
Doudna and Charpentier were the first scientists to show that a chimeric dual-
tracrRNA:crRNA containing the sequence of a desired target could be engineered to direct 
the Cas9 nuclease to produce double strand breaks in a sequence specific manner [16]. This 
ground-breaking study end Ed with the statement “…could offer considerable potential for 
gene targeting and genome editing applications [37].” In 2013, the employment of CRISPR 
Cas9 technology to genome edit in human cells (by Dr. Zhang and colleagues) using 
heterologous systems became a reality [19]. These systems utilized chimeric guide RNAs to 
target a desired sequence, and an engineered human codon–optimized S. pyogenes Cas9 
(hSpCas9) in HEK 293 FT cells [19]. Nuclear localization sequences were fused to hSpCas9 
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to ensure DNA access [19]. CRISPR heterologous systems are continually being refined to 
increase efficiency and reduce off-target effects in a vast array of biological systems from C. 
Elegans to humans[9].
2. Materials
2.1 PCR to amplify Gibson Assembly Components for Donor Vector Construction
1. Phusion DNA Polymerase kit for PCR (Thermo-Fisher cat: F530S)
a. Phusion DNA Polymerase (2 U/μL)
b. 5X Phusion HF Buffer
c. DMSO
d. 50 mM MgCl2 solution
2. 25 mM stock dNTP (prepared from Invitrogen cat: 10297–117)
3. Ultra-Pure DNase/RNase-Free Distilled Water (Invitrogen cat: 10977015)
4. Primers obtain from Sigma (custom oligos on Table 1.)
5. Template: CMV5-FOXO3 prepared by miniprep kit (Qiagen cat: 27106)
2.2 Cloning Enzymes
1. DpnI (NEB R0176S, Ipswich, MA)
2. DraIII (NEB cat: R3510S, Ipswich, MA)
3. BsmI (NEB R0134S, Ipswich, MA)
4. CIP (Calf Intestine Phosphatase, NEB cat: M0290S, Ipswich, MA)
5. Gibson Assembly Kit (NEB cat: E2611S, Ipswich, MA)
2.3 Column Purification of DNA
1. DNA Purification Kit (Qiagen cat: 28104)
2. DNA Maxi Kit (12163)
2.4 Transformation of Bacteria for Cloning
1. 5-alpha competent E. coli (NEB cat: C2988J, Ipswich, MA)
2.5 Propagation of Human Cell Lines
1. MEM (Minimal Essential Media, Fisher cat: 10010cv)
2. DMEM (Dulbecco’s Modified Eagle Medium, Fisher cat: mt10013cv)
3. RPMI (Roswell Park Memorial Institute 1640, Fisher cat: 10040cv)
4. Penicillin/streptomycin (Fisher cat: 30002ci)
5. Fetal Bovine Serum (FBS, Fisher cat: 26140079)
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6. Trypsin (0.25% Fisher: 25053ci)
2.6 Transfection of Human Cell Lines
1. Scepter Cell Counter (Millipore, Burlington, MA); can also use hemocytometer
2. Nucleofector V solution (Lonza, Cologne, Germany Kit V cat: VCA-1003)
3. FOXO3 guide RNA plasmid (Sigma: HSL0001339461)
4. FOXO3 guide RNA plasmid (Sigma: HSR0001339464)
5. CRISPR Cas9D10A-GFP Nickase vector (Sigma cat: CAS9D10AGFPP)
2.7 Selection of neomycin resistant clones
1. G418 (Corning cat: 30–234-CR)
2.8 Isolating Neomycin Resistant Clones
1. Vaseline (Amazon: original solution, autoclaved in a glass beaker)
2. Cloning cylinders (Fisher: 0955221, autoclaved)
3. 1XPBS (Fisher cat: 21–031-cv)
2.9 Western Blot Analysis
1. Cell scraper (Fisher cat: 7200365)
2. 2X Sample Buffer
a. 125 mM Tris-HCL at pH 6.8
b. 2% sodium dodecyl sulfate (SDS)
c. 10% 2-mercaptoethanol
d. 20% glycerol
e. 0.05% bromophenol blue
f. 8 M urea
g. prepared with ultra-pure distilled water
3. Polyacrylamide gel Mini-PROTEAN TGX 4–20, 10W (Bio Rad cat: 4561093E)
4. Protein Ladder (Bio Rad: 1610374)
5. Polyacrylamide Gel Running Buffer
a. 25 mM Tris
b. 190 mM glycine
c. 0 .1% S D S
6. Transfer Buffer
a. 25 mM Tris
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b. 190 mM glycine
c. 10% methanol
7. PVDF (polyvinylidene fluoride) membrane, (Fisher cat: ipvh00010)
8. TBST
a. 20 mM Tris pH 7.5
b. 150 mM NaCl
c. 0.1% Tween 20
9. Carnation Non-fat Dry Milk(Amazon)
10. FOXO3 antibody (Cell Signaling, Danvers, MA, Cat: 75D8)
11. GAPDH (Santa Cruz Biotechnology, Dallas, TX, cat: G-9)
12. Goat-anti-rabbit secondary antibody for FOXO3 blots (Fisher/Pierce cat: 31460)
13. Goat-anti mouse secondary antibody for GAPDH blots (Fisher/Pierce cat: 
31432)
14. Super Signal West Dura Extended Duration Substrate luminol (Fisher/Pierce: 
37075)
3. Methods
Protocol to disrupt FOXO3 using CRISPR Cas9 with a Custom Donor Vector
The protocol highlighted in this chapter was published (in less detail) in Open Access BMC 
Molecular Biology; parts of this protocol are reproduced with permission from the initial 
journal [9]. This method employs a modified Cas9 nickase (Cas9D10A) purchased from 
Sigma: CRISPR Cas9D10A-GFP Nickase (catalog: CAS9D10AGFPP, Sigma, St. Louis, 
MO). This mutant nuclease is from Streptococcus pyogenes and will only nick one strand of 
DNA. Cas9D10A retains the HNH domain activity (to cleave the target strand) and lacks the 
RuvC activity (that would normally cleave the non-target strand).
Two guide RNAs were employed to target FOXO3
Guide RNAs contain a sequence resembling the repeat sequence in the CRISPR Cas 9 
system plus a sequence to target the gene of interest [37]. The chimera guide RNA then 
takes the place of the endogenous crRNAs in binding Cas9 and targeting the nuclease to the 
specified sequence [37]. Guide RNAs were purchased from Sigma to nick the FOXO3 
genomic locus (on chromosome 6) 41 bases apart on opposite strands.
Sequences: We used two FOXO3-targetting gRNAs from Sigma: HSL0001339461, 5’-
CTTACTGAAGGTGACAGGCTGG-3’ (chromosomal position: 108663888–108663909) 
and HSR0001339464, 5-’CACGGCTGACTGATATGGCAGG-3’ (chromosomal position 
108663933–108663954). Researchers can also readily devise custom guide RNAs using 
recommendations by Zhang et al (among others) to target virtually any gene [38, 39].
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Construction of a donor vector to select for FOXO3 disruption mutants
To select for FOXO3 disruption mutants, we prepared a donor vector containing the 
neomycin resistance gene via Gibson assembly using the commonly employed mammalian 
expression vector pcDNA3 as the backbone [9]. First, PCR was used to construct two 
“arms” containing FOXO3 chromosomal sequences. Then, a two-step Gibson assembly 
cloning procedure was performed to insert the FOXO3 arms on either side of the NPTII gene 
(encoding neomycin resistance) found in the pcDNA3 vector; see Fig.2(permission granted 
from BMC Molecular for reproduction) [9]. The donor vector had FOXO3 sequences of 
enough length to allow for homology directed repair in order to disrupt the chromosomal 
FOXO3 gene. One FOXO3 arm (termed Arm 1) in the donor vector included 418 bases 
(chromosomal position: 108663463–108663880) and the other FOXO3 arm (termed Arm 2) 
had 750 bases (chromosomal position 108663921–108664670); see Fig.2. Homology 
directed repair of the CRISPR Cas9D10A-induced nicks produced a truncated FOXO3 gene 
in several human cell lines examined [9].
Gibson assembly protocol to obtain Custom Donor Vector
Gibson assembly was developed by Daniel G. Gibson in 2009 [40]. The method joins 
together fragments containing identical sequences of DNA (typically ranging from 20–40 
nucleotides long) on their ends. The first step of Gibson assembly involved 5’ to 3’ 
exonuclease activity that Produced 3’ overhangs, which could then anneal to another 
fragment with a compatible overhang. By using PCR primers containing vector sequences, 
the pcDNA3 vector and FOXO3 fragment had3’ overhangs that couldanneal. After 
annealing, a DNA polymerase extended from the 3’ ends to fill in missing bases. DNA ligase 
sealed the phosphodiester backbone [40]. In this manner two fragments with “overlapping,” 
sequences could be joined. The amount of fragment overlap depends (in part) on the insert 
and vector sizes. In this protocol, an overlap of 20–30 bases Was enough for efficient 
cloning. For larger inserts, 30–40 bases might be needed for efficient cloning. A guide to 
Gibson assembly can be found at: (https://www.biocat.com/bc/files/
Gibson_Guide_V2_101417_web_version_8.5_x_11_FINAL.pdf). We used a basic Gibson 
assembly reaction with three steps described above (NEB Gibson Assembly Kit E2611S); all 
took place at 50 degrees Celsius in the span of one hour. Specifics of the reactions including 
preparing the PCR products and vector are detailed below:
PCR reactionto amplify FOXO3 Arm 1to be inserted into pcDNA3 vector at DraIII site
i. 20 microliters of 5 x Phusion HF Buffer (Thermo-Fisher cat: F530S)
ii. 8 microliters 25 mM dNTP
iii. 2.5microliters of 50 micromolar forward primer (FOXO3ARM 1 F)
iv. 2.5 microliters of 50 micromolar reverse primer (FOXO3ARM 1 R)
v. 1 microliter of plasmid DNA template (200ng/microliter concentration contained 
FOXO3 gene)
vi. 3 microliters of DMSO
vii. 1 microliter of Phusion polymerase (Thermo-Fisher cat: F530S)
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viii. 59.5 microliters of water
ix. 2.5 microliters of 50 mM MgCl2
Cycling parameters: 94 degrees Celsius for 10 minutes (initial heat step done only once); 
then, 94 degrees Celsius for 1minute, 56 degrees Celsius for 1 minute, and 72 degrees 
Celsius 3 minutes (three steps for forty cycles). One last extension of 72 degrees Celsius for 
20 minutes was followed by a hold at 4 degrees Celsius until reactions were collected.
After the PCR Reactions were complete
1. Added 2 microliters of DpnI (NEBR0176S, Ipswich, MA) to FOXO3 Arm1 PCR 
reaction and digested at 37 degrees Celsius for two hours to remove the plasmid 
DNA template.
2. These digested PCR reactions were column purified using Qiagen PCR 
purification system (Hilden, Germany Cat No./ID: 28104) and eluted with sterile 
30 microliters of water.
3. Purified FOXO3 Arm 1 PCR product was quantified with a Nanodrop 
spectrophotometer.
Preparing pcDNA3 vector for Gibson Assembly
1. Cut pcDNA3 vector with DraIII for two hours at 37 degrees Celsius
i. 1 microgram of pcDNA3
ii. 4 microliters of Cut Smart buffer (10x, NEB Ipswich, MA)
iii. 3 microliters of DraIII enzyme (NEB cat: R3510S, Ipswich, MA)
iv. 27 microliters of water for final volume of 40 microliters
2. CIP (NEB cat: M0290S, Ipswich, MA) was added to the above restriction digest 
and samples were incubated at 37 degrees Celsius for one additional hour.
3. The DraIII-cut (and phosphatased) vector was purified using Qiagen PCR 
purification system (Hilden, Germany Cat No./ID: 28104) and eluted with sterile 
30 microliters of water.
4. The purified vector was quantified with a Nanodrop spectrophotometer.
Gibson Assembly reaction to add FOXO3 Arm1 into the pcDNA3 vector at DraIII site
i. 10 microliters of NEB Gibson Assembly Master Mix (E2611SNEB, Ipswich, 
MA)
ii. 2 microliters (10 nanograms) of prepared DraIII-cut pcDNA3 vector (see above 
for preparation details)
iii. 8 microliters of FOXO3 Arm1 insert prepared as described above (80 
nanograms)
Gibson assembly reactions were incubated for one hour at 50 degrees Celsius. 5 microliters 
of the Gibson assembly reaction were added to 50 microliters of 5-alpha competent E. coli 
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(NEB, Ipswich, MA cat: C2988J) and were incubated for 30 minutes on ice. Then samples 
were heat shocked at 42 degrees Celsius for 30 seconds followed by placement on ice for 5 
minutes. After this, 250 microliters of SOC recovery media were added and samples were 
incubated for one hour at 37 degrees Celsius. Finally, dilutions of cells (1:10, 1:100, 1:1000) 
were plated onto LB plates with ampicillin (100 micrograms per mL) and incubated 
overnight at 37 degrees Celsius. Hundreds of colonies were obtained and confirmed by 
restriction digest analysis and Sanger sequencing.
Adding second FOXO3 Arm to CRISPR Cas9 Donor vector
1. PCR was performed to amplify FOXO3 Arm2 exactly as described above (for 
FOXO3 Arm 1), except using Arm 2 primers described in Table 1. The PCR 
product was cut with DpnI (NEB R0176S) to remove template and column 
purified as described above.
2. The pcDNA3 vector that contained FOXO3 Arm 1 was prepared for Gibson 
Assembly in order to add FOXO3 Arm 2. Vector pcDNA3 FOXO1 Arm 1 was 
cleaved with BsmI for two hours at 65 degrees Celsius:
i. 1 microgram of pcDNA3 FOXO3 Arm 1 vector
ii. 4 microliters of Cut Smart buffer (10x NEB, Ipswich, MA)
iii. 3 microliters of BsmI enzyme (NEB R0134S, Ipswich, MA)
iv. 27 microliters of water for final volume of 40 microliters
3. CIP (NEB M0290S, Ipswich, MA) was added to the above restriction digest and 
samples were incubated at 37 degrees Celsius for one additional hour.
4. The BsmI-cut (and phosphatased) vector was purified using Qiagen PCR 
purification system (Hilden, Germany Cat No./ID: 28104) and eluted with sterile 
30 microliters of water.
5. Purified vector was quantified with a Nanodrop spectrophotometer.
The Gibson assembly reaction to add FOXO3 Arm 2 (to obtain final donor vector) and 
transformation of 5-alpha cells were carried out as described above for construction of the 
plasmid containing Arm 1 [9]. After confirmation of the desired construct by restriction 
digest analysis and Sanger sequencing, plasmids were prepared for transfection of cell lines 
by maxiprep (Qiagen Maxi Kit: 12163) according to manufacturer’s instructions.
Transient transfection of human cell lines to disrupt the FOXO3 gene with a neomycin 
resistance cassette
We disrupted the FOXO3 gene in several human cell lines and compared mutation 
efficiencies. Glioblastoma cell line U87MG was grown in MEM (Minimal Essential Media 
Fisher cat: 10010cv). Human embryonic kidney cells (HEK 293) were grown in DMEM 
(Dulbecco’s Modified Eagle Medium, Fisher cat: mt10013cv). BT549 basal breast cancer 
cells were grown in RPMI 1640 (Roswell Park Memorial Institute 1640, Fisher cat: 
10040cv). All cell lines were grown with 10% fetal bovine serum (FBS) and 5% penicillin/
streptomycin (Fisher cat: 30002ci).
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1. Cells were plated three days before the Transfection in media that lacked 
antibiotic.
2. On transfection day, 70% confluent cells were treated with 0.25% trypsin 
solution (Fisher cat: 25053ci) for 3 minutes at 37 degrees Celsius.
3. Cells were then mixed 1:10 with fresh media (lacking antibiotic) and were 
counted using a Scepter Cell Counter (Millipore, Burlington, MA).
4. One million cells were put into a 15 mL screw cap tubes (Fisher cat: 14–959–
70c) and centrifuged at 100 x g for 10 minutes (Eppendorf 5810R benchtop 
centrifuge) to pellet the cells.
5. Cells were prepared for electroporation
i. Resuspended one million cells in 100 microliters of Nucleofector V 
solution (Lonza, Cologne, Germany Kit V cat: VCA-1003).
ii. Added 250 nanograms of first guide RNA plasmid to nick FOXO3 
chromosome: HSL0001339461(5’-
CTTACTGAAGGTGACAGGCTGG-3’ chromosomal position: 
108663888–108663909)
iii. Added 250 nanograms of second guide RNA plasmid to nick FOXO3 
chromosome: HSR0001339464 (5’-
CACGGCTGACTGATATGGCAGG-3’ chromosomal position 
108663933–108663954).
iv. 250 nanograms of the vector enabling Cas9D10A expression (catalog: 
CAS9D10 AGFPP, Sigma, St. Louis, MO)
v. 1.0 microgram of FOXO3 donor vector (prepared as described above)
vi. Program P-20 for was utilized for U87MG and BT549 and program 
X-001 was used for HEK 293) to electroporate with Lonza 
Nucleofector machine (Lonza, Cologne, Germany). Pre-warm the 
media for recovery ahead of time. Another useful practice is to have the 
recovery media ready in the plastic dropper included in the kit before 
electroporation in order to add it to the cells right away for recovery. 
Recovery media lacked antibiotic.
vii. Cells recovered for two days in a 10 cm dish at 37 degrees Celsius and 
5% CO2.
Selecting FOXO3 disruption clones using neomycin
Selecting clones takes weeks (and possibly longer if the mutation is deleterious to cell 
growth). After recovery for 2 days in media lacking antibiotic, transformed cells were 
treated with trypsin (Fisher cat: 25053ci) for three minutes at 37 degrees Celsius. After this, 
cell suspensions were mixed with 10 mL of fresh media (containing 5% penicillin/
streptomycin solution: Corning: 30–002-CL) and passed through a cell strainer (BIOLOGIX 
100 micrometer diameter cell strainer cat: 15–1100) eliminating clumps to better isolate 
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single clones. Ten plates with ~100,000 cells were prepared from strained cells. Neomycin 
was added the next day to select for single clones: G418 (Corning 30–234-CR: 0.5 mg/mL 
final concentration for U87MG and BT549 and 1.5 mg/mL G418 for HEK 293 cells) [9]. 
Samples were incubated for one month at 37 degrees Celsius and 5% CO2. Approximately 
2–10 clones were isolated from each 10 cm plate. Single clones were purified using cloning 
cylinders.
Isolation of single clones from 10 cm dishes
i. Wash 10 cm plate (with clones on it) twice with 2 mL sterile 1XPBS (Fisher cat: 
21–031-cv). Important: make sure that all PBS is carefully removed from the 
plate. Residual PBS canmake cloning cylinders move around.
ii. Cloning cylinders (Fisher: 0955221) were placed onto the 10 cm plate (directly 
over individual colonies) using sterile forceps and autoclaved Vaseline (to make 
the cylinder stick to the plate).
iii. 200 microliters of 0.25% trypsin were placed into the cloning cylinder and 
incubated at room temperature for 5 minutes.
iv. After this, gently pipette up and down ten times and remove the 200 microliters 
with cells. Place cells into fresh media in a well of a 6-well plate. Allow cells to 
grow for roughly a week.
Confirming mutants by western blot analysis
After cloned cells recovered for about a week, they were treated with 0.25% trypsin (Fisher 
cat: 25053ci) and re-plated at a 1:2 dilution to propagate and collect protein lysates for 
western blot Analysis as described previously [9]. Total protein was obtained from cells by 
rinsing out the 6 well plate wells with1mL1XPBS followed by direct lysis in 2x sample 
buffer (125 mM Tris-HCL at pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% 2-
mercaptoethanol, 20 % glycerol, 0.05% bromophenol blue, 8 M urea). To do this, 2x sample 
buffer was added to each well and scraped [9]. The lysate was collected from each well, 
placed into a 1.5 ml microcentrifuge tube and heated for 10 minutes at 90°C in a dry-bath 
heat block [9]. Protein lysates were separated by sodium dodecyl sulfate – polyacrylamide 
gel (SDS-PAGE) electrophoresis at 100V for 1 hour. The protein was then transferred onto a 
polyvinylidene fluoride (PVDF) membrane for an hour and 30 minutes then blocked in a 5% 
milk solution (Carnation powdered milk, 1X Tris-buffered saline with Tween 20 (TBST)) for 
an hour. The membrane was incubated with FOXO3 (Cell Signaling, Danvers, MA, Cat: 
75D8), or GAPDH (Santa Cruz Biotechnology, Dall as, TX, cat: G-9) antibodies overnight 
at 4° C. After primary antibody incubation, blots were washed for 20 minutes with TBST in 
5-minute intervals [9]. After the first set of washes, blots were incubated with secondary 
antibody (goat-anti-rabbit for FOXO3 blots: Fisher/Pierce 31460 and goat-anti mouse for 
GAPDH blots: Fisher/Pierce cat: 31432) for one hour at room temperature with gentle 
rocking. After secondary antibody incubation, the membrane was washed again for 20 
minutes in 5-minute intervals. Blots were developed with Super Signal West Dura Extended 
Duration Substrate luminol solution for 5 minutes (Pierce: PI-37075) [9]. A BioRad 
ChemDoc XRS+ molecular imager was used to detect light emitted from protein-containing 
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complexes. Western blot SCN files from the (BioRad ChemDoc XRS+) were analyzed using 
NIH Image J. Disruption of the FOXO3 gene as described in this protocol led to a much 
smaller protein (349 amino acids versus 673), [9]. Therefore, western blot analysis allowed 
us to quickly screen hundreds of putative mutants (that were cloned as G418 positive) for 
production of a truncated FOXO3 protein.
The results of our mutagenesis reactions in several cell lines can be found in Table 2 [9]. 
One can see that mutation frequencies varied depending on the cell line. HEK 293 cells had 
the lowest mutation frequency of approximately 1.0% [9]. Of note, U87MG and BT549 cells 
had 5-fold higher mutation frequencies than HEK 293 cells [9]. One possible reason for this 
is that HEK 293 cells are immortalized and have fewer mutations than the cancer cell lines 
U87MG and BT549. DNA repair mechanisms such as non-homologous end joining may be 
more efficient in HEK 293 cells leading to fewer disruption mutants obtained via homology-
directed repair of chromosomal lesions.
Homozygous disruption mutants of the FOXO3 gene were also confirmed by PCR 
amplification of the disrupted region and Sanger sequencing. One million cells were 
removed from plates using trypsin and centrifuged at 700 x g for 5 minutes. Cells were re-
suspended in 500 microliters of Buffer (10 mM Tris 7.4, 10 mM NaCl, 25 mM EDTA, 1% 
SDS). 25 microliters of Proteinase K (50 U per mL stock, catalog: 03115828001, Roche, 
Mannheim, Germany) Were added to each sample followed by an 18-hour incubation at 
37°C [9]. Next, samples were extracted with an equal volume of phenol, followed by 
centrifugation at top speed in phase lock tubes (Quanta Biosciences, Beverley, MA, catalog: 
2302820). DNA was precipitated from the supernatant as previously described by adding 3 
microliters of 20 mg/mL glycogen, 50 microliters of sodium acetate and 1 mL of 
100%ethanol (stored at −80°C over-night followed by 20 minutes of centrifugation at 17,000 
x g) [9]. The DNA pellets were washed with 70% ethanol, dried and re-suspended in sterile 
water. PCR was performed to identify clones that had NPTII integration into the FOXO3 
locus using the primers in Table 3. The forward primer for PCR was approximately sixty 
bases upstream of the FOXO3 fragment found in Arm 1 of the FOXO3 donor vector [9]. 
Therefore, primer sequences employed for mutant detection by PCR were absent from the 
donor vector and were only found in chromosomal FOXO3. The reverse primer was part of 
the NPTII cassette used to disrupt FOXO3 [9].PCR products (employed for detecting 
FOXO3 disruption) were column purified using Qiagen PCR purification system (Hilden, 
Germany Cat No./ID: 28104) and eluted with 30 microliters of sterile water. Purified PCR 
products were quantified with a Nanodrop spectrophotometer and analyzed by Sanger 
sequencing using primer in Table 3.
4. Notes
4.1 Streamlining Mutation Isolation by CRISPR Cas9 Mutagenesis
We initially tried to examine pools of neomycin resistant cells directly after CRISPR Cas9 
mutagenesis but found little FOXO3 disruption. We concluded that the efficiency of the 
mutagenesis was not high enough to examine pools of mutagenized cells. Therefore, 
isolation of clones was required to obtain a sizeable pool of mutants to investigate. To 
accomplish this, we selected for disruption of the FOXO3 gene using neomycin resistance 
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followed by western blot analysis and sequencing. Using three tiers of Screening helped to 
quickly isolate the desired mutants. Upon clone isolation, one can see from Table 1. that our 
mutation frequencies were only 1–5% when seeking disruption alleles for FOXO3.
4.2 Overcoming Off-target Effects for our Mutagenesis
One major issue with CRISPR Cas9 genome engineering is off-target effects [41]. Our 
protocol took numerous approaches to decrease off-target effects from CRISPR Cas9 
mutagenesis.
i. First, we employed transient expression of the Cas9D10A nuclease from a 
mammalian expression vector. This decreased the time that the Nuclease was 
expressed in the cells, reducing the likelihood of multiple mutation events and 
greatly limiting the possibility of off-target mutations. Others have addressed this 
issue by employing an inducible form of Cas9 nuclease [42–44].
ii. We utilized two guide RNAs to direct the Cas9D10A nickase in order to 
introduce a recombinogenic (staggered) double strand break in the chromosomal 
locus of FOXO3. In this case, both strands needed to be targeted separately by 
the Cas9D10A nickase. This approach has been shown to increase specificity by 
100-fold or more in other systems [45].
4.3 Looking into the Cutting Edge: Novel CRISPR Systems for Genome Editing
Efforts are continually being made to make CRISPR Cas9 genome editing more precise and 
efficient. CRISPR/Cas-based DNA and RNA editing tools have revolutionized biological 
research and extended the capability to manipulate genomes. CRISPR Cas9, which belongs 
to the class 2 type II CRISPR, is the most extensively used high-throughput tool for genome 
editing.
Initially, CRISPRCas9 was a valuable tool for targeted DNA cleavage, but with the 
development of programmable RCas9, sequence-specific sites on RNA can now be 
recognized and cleaved for studying RNA regulation [46]. In RCas9, specific PAM-
presenting oligonucleotides (PAMmers) target sites on RNA and avoids sites on genomic 
DNA, which stimulates the cleavage of RNA in a site-specific manner. CRISPR Cas13 is 
another powerful tool for precise RNA editing. Cas13a (previously known as C2c2) belongs 
to class 2 type VI CRISPR and is a single-effector RNA-guided RNase, which can be 
programmed for cleavage of specific sites of mRNA transcripts, mediated by the Higher 
Eukaryotes and Prokaryotes Nucleotide-binding (HEPN) domains [47]. The CRISPR Cas13 
system is more efficient than RNA interference and can be used in mammalian and plant 
cells to knockdown specific mRNA transcripts [48].
REPAIR (RNA editing for programmable A to I replacement) technology further advances 
RNA editing. This novel technique employs Cas13 orthologs, dCas13b, which are 
catalytically inactive, and can be used to convert a single A base to I (functionally equivalent 
to G) with the help of ADAR2 (adenosine deaminase acting on RNA type 2). With REPAIR, 
it is possible to target coding and noncoding RNA, and it has higher specificity. However, 
REPAIR can allow only single base A to I editing, which is a major drawback [49, 50]. To 
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expand the editing capability to other nucleotide bases, Abudayyeh and his group proposed a 
programmable RESCUE system (RNA Editing for Specific C to U Exchange), which is 
capable of a highly specific and precise C to U conversion in RNA. As an advantage, 
RESCUE can target amino acids encoding signals for posttranscriptional modifications 
including phosphorylation, glycosylation, and methylation [50]. REPAIR and RESCUE 
RNA editing tools have revolutionized the capability of CRISPR and expanded the ability to 
treat potential genetic diseases.
Another advance has come from Sternberg and his group who developed a new fully 
programmable CRISPR/Cas model based on the bacterial Tn7-like transposons. In this 
system, highly specific DNA insertion in the genome is guided by the RNA complex known 
as Cascade (Type I CRISPR) without any double-strand breaks [51]. Transposon-based 
CRISPR/Cas models 26 provide a new approach for site-specific insertion of DNA, which 
could be leveraged in the production of biopharmaceuticals, gene therapies, improvement of 
crops, and future development of knock-in methods [51].
4.4 Recent Advances in reducing CRISPR Cas9 Off-Target Effects
Off-target effects remain the major drawback for utilizing CRISPR Cas9 as a genome 
editing tool, especially in the area of precision medicine. However, Wienert and colleagues, 
have created a method, the DISCOVER-Seq, for better identification of off-target sites [52]. 
This technology is built on the idea that after a cut is made on a DNA strand, the cell recruits 
DNA repair machinery as part of the body’s natural repair process. Finding those DNA 
repair factors would mean finding the locations of the CRISPR off-target effects [52]. This 
testing has been completed on induced pluripotent stem cells and patient cells and has shown 
be more accurate than the initial CRISPR Cas9 system.
After Cas9 completes its job by cleaving the target DNA strand, continued activity of the 
protein can become a potential danger by producing non-target breaks in DNA strands. As a 
solution to this problem, current research is examining ways to make “off switches” to 
regulate the activity of Cas9 or similar proteins [53]. Much of the research on solving the 
problem of off-target effects began in 2012 at the University of Toronto where researchers 
attempted to find different ways to block the Cas9 enzyme and break its interaction with the 
guiding RNA strand [54–64]. A challenge was that Cas9 cuts the DNA with a specific pair 
of nuclease domains that must be disabled until needed. Amit Choudhary and colleagues 
focused on the interaction between Cas9 and a short DNA segment that Cas9 uses to begin 
cutting, the protospacer adjacent motif (PAM) sequence [65]. Luckily, Dr. Choudhary noted, 
that since this is a short sequence, “the recognition [does not] have to be very strong.” His 
team conducted different assays to discover which compounds could effectively disrupt the 
Cas9-PAM binding interaction. The result was a pair of small molecules that could penetrate 
cells and also inhibit this binding interaction without exhibiting off-target toxic effects [65].
In 2019, Kocak and colleagues introduced a new way of increasing the precision and 
decreasing off-target effects of bacterial CRISPR Cas9 nucleases [66]. Researchers added 
hairpin secondary structures to the spacer region of single guide RNAs (hp-sgRNAs). It was 
discovered that these hp-sgRNAs added specificity when utilizing five different Cas12a or 
Cas9 protein variants [66]. The RNA secondary structure was created by elongating the 
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hairpin on the 5’ end of the sgRNA to function as a steric barrier to R-loop formation. R-
loop formation is critical to helping a trans-activator based on Cas9 from Streptococcus 
pyogenes (SpCas9) to function alongside the active nuclease [66]. Thus, by altering the 
strength of the RNA secondary structure, the R-loop could form at target sites, but not at off-
target sites due to mispairing. This allowed for an increase in specificity by an average of 55-
fold with five of the most commonly used Cas proteins in CRISPR [66].
Ultimately, much research remains to be done to increase the precision of CRISPR 
technologies. New future projects, such as introducing regulatory molecules along with the 
CRISPR technology, using the body’s natural repair capabilities, or engineering new 
secondary structures, show promise in the field of cell biology and biomedicine [67–69].
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Fig. 1. Classification of CRISPR Systems.
CRISPR Class 1 and 2 systems are depicted.
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Fig. 2. Schematic of FOXO3 gene disruption with neomycin resistance cassette.(NPTII).
Guide RNAs were employed to nick FOXO3 gene in mammalian cell lines. The lesions 
were resolved by homology directed repair with a donor vector that contained a neomycin 
resistance gene (NPTII) flanked by FOXO3 sequences (that were proximal to the CRISPR 
Cas9-generated nicked strands of FOXO3 in the chromosome).
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Table 1:
















Nucleotides in underlined blue correspond to sequences in pcDNA3 vector. Sequences in black were to amplify the indicated FOXO3 arm [9].
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Table 2.
CRISPR Cas9 mutation frequencies in three mammalian cell lines
Cell Line G418-resistant isolates screened by 
western blot analysis










BT549 56 5 9%
HEK293 77 1 1.3%
*
Table originally published in Vazquez et al and reproduced with permission [9].
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Table 3.
Primers utilized to detect and sequence FOXO3 gene disruption
Primer Name Sequence
FOXO3F
(For detection of disruption)
5’- GTGCTTCAGGATCGCTTCA −3’
Neo cassette R
(For detection of disruption)
5’ -TGCATGCTTTGCATACTTCTG-3’
FOXO3 seq.
(For sequencing disruption mutants)
5’- CTCGGTTTTGGACCATTCTG −3’
*
Table originally published in Vazquez et al and reproduced with permission [9].
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